Although protease-producing bacteria are key players in the degradation of organic nitrogen and essential for the nitrogen recycling in marine sediments, diversity of both these bacteria and their extracellular proteases is still largely unknown. This study investigated the diversity of the cultivable protease-producing bacteria and their extracellular proteases in the sediments of the eutrophied Jiaozhou Bay, China through phylogenetic analysis and protease inhibitor tests. The abundance of the cultivable protease-producing bacteria was up to 10 4 cells/g in all six sediment samples. The cultivated protease-producing bacteria mostly belonged to the phyla Proteobacteria and Firmicutes with the predominant genera being Photobacterium (39.4%), Bacillus (25.8%), and Vibrio (19.7%). Protease inhibitor tests revealed that extracellular proteases secreted by the bacteria were mainly serine proteases and/or metalloproteases with relatively low proportions of cysteine proteases. This study represents the first comprehensive analysis on the diversity of protease-producing bacteria and their extracellular proteases in sediments of a eutrophic bay.
Introduction
Organic matters deposited at the sea floor, mostly in the polymeric and particulate forms, serve as the main nitrogen sources in sediments (Thamdrup and Dalsgaard, 2008) . Microbial enzymatic hydrolysis of these nitrogenous macromolecules is essential for the mineralization of sedimentary organic nitrogen (SON) and the benthic nutrients recycling (Talbot and Bianchi, 1997; Fabiano and Danovaro, 1998; Herbert, 1999; Patel et al., 2001; Thamdrup and Dalsgaard, 2008; Arnosti, 2011; Arnosti et al., 2014) . As proteins constitute large fractions of marine organic matters (Wakeham et al., 1997; Thamdrup and Dalsgaard, 2008; Lloyd et al., 2013; Moore et al., 2014) , proteaseproducing bacteria are recognized as key players in the microbial degradation of SON (Herbert, 1999; Zhao et al., 2008 Zhao et al., , 2012 Chen et al., 2009; Zhou et al., 2009) . They secrete extracellular proteases to hydrolyze complex proteinaceous substances into small peptides and amino acids suitable for cellular uptake (Zhao et al., 2008 (Zhao et al., , 2012 , initiating the mineralization of SON and driving the nitrogen cycle in marine ecosystem. Despite of their ecological and biogeochemical importance, there are only few studies to date investigating the diversity of sedimentary proteaseproducing bacteria and their extracellular proteases. Olivera et al. (2007) screened 19 proteaseproducing bacteria from sub-Antarctic sediments and found them be affiliated with the genera Pseudoalteromonas, Shewanella, Colwellia, Planococcus, and the family Flavobacteriaceae. We screened 78 and 105 proteaseproducing bacteria, respectively, from deep sea sediments of the South China Sea and coastal sediments of King George Island, Antarctica and analyzed the diversity of these bacteria and their extracellular proteases (Zhou et al., 2009 (Zhou et al., , 2013 . Results revealed that the cultivable protease-producing bacteria from deep sea sediments of the South China Sea were mainly affiliated with the class Gammaproteobacteria, while those from Antarctica coastal sediments mainly with the phyla Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria, and extracellular proteases from these sedimentary protease-producing bacteria were almost all serine proteases or metalloproteases. Considering that marine environments are extremely diverse and complex, there may exist more abundant or complicated diversity of proteases-producing bacteria and their extracellular proteases in other marine regions, especially in tropical or temperate costal regions characterized by high organic matters input and more anthropogenic activities.
Jiaozhou Bay is located on the southern coast of Shandong Peninsula of China, the western coast of the Yellow Sea, and is a typical temperate semi-enclosed bay with a surface area of 362 km 2 and an average water depth of 7 m (Li et al., 2008) . The bay is connected to the Yellow Sea through a narrow channel (∼2.5 km in width) at its entrance with average water residence time being 52 days (Liu et al., 2004) . In the past four decades, with rapid socio-economic developments in the surrounding areas, Jiaozhou Bay has been greatly influenced by human activities and excess nutrient discharges from surrounding rivers, sewage processing plants, mariculture fields, and industrial and agricultural activities made parts of the bay hypernutrified (Liu et al., 2005 (Liu et al., , 2010 Dai et al., 2007; Dang et al., 2009) . Several studies have investigated the diversity and community structure variations in response to changes in environmental conditions of the total sediment bacteria or specific functional groups involved in the key steps of the nitrogen cycling in the eutrophied Jiaozhou Bay using molecular techniques (Dang et al., , 2010a Liu et al., 2015a) . But till now, there have been no report to investigate the diversity of protease-producing bacteria and their extracellular proteases in sediments of this eutrophic bay. In this study, sediment samples were collected from six stations with distinct environmental characteristics in Jiaozhou Bay, from which protease-producing bacteria were further screened. Diversity of both the cultivable protease-producing bacteria and the proteases they produced was subsequently studied, by the 16S rRNA gene sequence analysis and the protease inhibitor tests, respectively.
Materials and Methods

Sample Collection and Geochemical Characteristics
Sediment samples were collected from six stations (A5, C4, Y1, A3, B2, and D1) of Jiaozhou Bay using a stainless steel 0.05-m 2 Gray O'Hara box corer on September 2, 2008 (Figure 1, Table 1 ). These stations with different water depths (4.0-12.8 m) are located in different regions of Jiaozhou Bay (Figure 1, Table 1 ). Except for D1 station at the entrance of Jiaozhou Bay, other stations are in the inner bay: stations A5, C4, and Y1 are in the east coastal area of Jiaozhou Bay, the most hyper-nutrified and polluted part of the bay (Dang et al., , 2010a ; station A3 is in the mid-north of the bay; station B2 is in the mid-west and is the less-polluted station compared to the others Liu et al., 2015a) . Replicate surface sediment subcore samples (5 cm depth) were taken aseptically using sterile 60-ml syringes (luer end removed) and stored in airtight sterile plastic bags at 4 • C for screening bacterial strains or at −80 • C for environmental analysis. Temperatures and pH of the surface sediments were measured in situ. Organic carbon (OrgC) and nitrogen (OrgN) contents in the samples were analyzed using a PE 2400 Series II CHNS/O analyzer (Perkin Elmer, USA).
Screening of Protease-producing Bacteria from Sediment Samples
Protease-producing bacteria were screened from the sediment samples using the dilution-plate method on a screening medium containing 0.2% yeast extract, 0.3% casein, 0.5% gelatin, 1.5% agar, and artificial sea water (pH 8.0), as described by Zhou et al. (2009). Artificial sea water (ASW) was prepared using the Sigma sea salt (3%). In brief, approximate 1 g (wet weight) sediment sample was 10-foldedly serially diluted to 10 −5 dilution with ASW. Aliquots of 100 µl of the diluted samples (10 −1 -10 −5 dilution) were spread on the screening medium and incubated at 15 • C until colonies with clear hydrolysis zone were visible. Different-looking colonies with hydrolysis zone were selected and further purified by streaking on the same medium for several times. Strains purified were cultivated in a liquid medium containing 0.5% tryptone, 0.1% yeast extract, and artificial seawater (TYS broth) at 15 • C and preserved at −80 • C in TYS broth supplemented with 15% (v/v) glycerol.
PCR Amplification, Sequencing of 16S rRNA Genes and Phylogenetic Analysis
Genomic DNAs of isolates were extracted using a bacterial genomic DNA isolation kit (BioTeke, China). The 16S rRNA gene were PCR-amplified with the forward primer 27F (5 ′ -AGAGTTTGATCCTGGCTCAG-3 ′ ) and the reverse primer 1492R (5 ′ -GGTTACCTTGTTACGACTT-3 ′ ). The PCR products were ligated into pGEM-T vectors (Promega, USA) and further sequenced at Biosune Inc. (Shanghai, China). Two isolates were considered to be different strains if they possessed at least two nucleotide differences in their 16S rRNA gene sequences (Zhou et al., 2009 ). The sequence alignment and phylogenetic analysis were performed using MEGA version 5 (Tamura et al., 2011) . Phylogenetic trees were constructed based on the NeighborJoining method (Saitou and Nei, 1987) and using the Kimura two-parameter model (Kimura, 1980) .
Hydrolysis Ability of Proteases to Different Substrates
Three kinds of solid media were prepared by adding 0.5% (w/w) casein, 0.5% (w/w) gelatin, or 0.5% (w/w) elastin powder into a basic medium containing 0.2% yeast extract, 1.5% agar and ASW. Strains with the ability to form clear hydrolysis zone on the screening medium were streaked on the three media and incubated at 15 • C for 4 days. For each strain, the diameters of its colony and the hydrolytic zone it formed were measured and the ratio of the hydrolytic zone diameter to the colony diameter (hydrolytic zone/colony, H/C) was then calculated (Zhou et al., 2009 ).
Effect of Different Inhibitors on Protease Activity
Protease-producing strains were cultivated in the liquid screening medium at 15 • C, 200 r/m for 4 days. After bacterial cells were removed by centrifugation at 12,000 × g, 4 • C, the protease activity of the resulting supernatant was determined as described before (Chen et al., 2003) . One unit of enzyme activity was defined as the amount of enzyme that catalyzed the formation of 1 µg tyrosine per minute. The supernatant properly diluted with 50 mM Tris-HCl (pH 8.0) was incubated with 1.0 mM phenylmethylsulfonyl fluoride (PMSF, Sigma), 1.0 mM 1, 10-phenanthroline (OP, Sigma), 10 mM iodoacetic acid (Sigma), or 0.1 mM Pepstatin A (Merk) at 20 • C for 20 min. After incubation, the residue protease activity of every sample was measured as previously described (Chen et al., 2003) . The activity of the sample without any inhibitor (the control) was set as 100% activity, and the relative activity (%) of the samples was calculated. The inhibition ratio was taken as the result of the control activity minus the relative activity of a sample (Zhou et al., 2009 ).
Nucleotide Sequence Accession Numbers
The sequences of 16S rRNA gene sequences obtained in this study were deposited in GenBank under the accession numbers from JX134415 to JX134480.
Results
Sediment Characteristics
All sediment samples exhibited slightly alkaline pH (8.0-8.2). The content of OrgC and OrgN in the sediments ranged from 0.77 to 1.88% (OrgC) and 0.02-0.15% (OrgN), respectively. The highest values were found in station A3 (OrgC) and B2 (OrgN) while the lowest ones in stations A5 (OrgC) and C4 (OrgN). But the highest C/N ratio (69.5) was found in the station C4 and the lowest (7.0) in station A5.
Screening of Extracellular Protease-producing Bacteria from Sediments
There were a number of colonies appearing on the screening plates of the 10 −1 -10 −3 diluted samples after cultivation at 15 • C for 2-5 days. Plate counts showed that the richness of cultivated bacteria in all samples reached 10 4 cells/g and approximate 60% colonies produced clear hydrolytic zone. There was no obvious difference in the richness of the cultivable protease-producing bacteria among the stations although the OrgC and OrgN contents and the C/N ratios in these stations were different. Sixtynine colonies able to form hydrolytic zone on the screening plates were purified for the subsequent phylogenetic identification.
Diversity of the Cultivable Protease-producing Bacteria from the Sediments
The nearly full-length 16S rRNA genes of the 69 isolates were amplified and sequenced, based on which their phylogenetic affiliation was analyzed. Three isolates were considered to be the same strain because they had identical 16S rRNA gene sequences. Thus, a total of 66 protease-producing strains were obtained. With the exception of one strain belonging to the genus Asinibacterium in the phylum Bacteroidetes, all strains were affiliated with eight genera in the phyla Proteobacteria and Firmicutes, including Photobacterium, Bacillus, Vibrio, Shewanella, Pseudoalteromonas, Halobacillus, Microbulbifer, and Psychrobacter. Among them, Photobacterium (39.4%), Bacillus (25.8%), Vibrio (19.7%), and Shewanella (7.6%) were the major groups, while Pseudoalteromonas, Halobacillus, Microbulbifer, Psychrobacter, and Asinibacterium, all represented by only one strain, constituted a very minor fraction (<8%) of the total bacteria. Meanwhile, Photobacterium was found to be present in 5 sediments and dominated in A3, B2, D1, and Y1 samples, while Bacillus presented in 4 sediments and dominated in C4 and A5 samples (Figure 2 ). Photobacterium and Bacillus represented the most frequently recovered and most abundant groups (43 of 66 strains) of the cultivated protease-producing bacteria in Jiaozhou Bay sediments. Furthermore, the protease-producing bacteria (belonging to six genera) cultivated from the B2 sample were apparently more diverse than those from other stations' samples. In contrast, protease-producing bacteria from the D1 sample were all affiliated with the genus Photobacterium, representing the least diverse community of the cultivated protease-producing bacteria among the six stations. A neighbor-joining tree based on 16S rRNA gene sequences of the protease-producing strains was constructed to illustrate their phylogenetic relationship with different genera (Figure 3) . Eighteen Photobacterium strains (recovered from 3 sediments) formed Branch 1 in Figure 3 , all being closely related to Photobacterium sp. MA1-3 (JQ315889) isolated from an intertidal flat in Korea (Kim et al., 2012) . Eleven Vibrio strains (recovered from 4 sediments) formed Branch 2 in Figure 3 , all being closely related to Vibrio alginolyticus (CP006718), the dominant Vibrio species in seawater and farmed marine animals of the China coast (Liu et al., 2015b) . In addition, strains D1-1 and D1-3 had distant relationship with all recognized Photobacterium species and may represent novel Photobacterium species, which merit further investigation.
Diversity of the Extracellular Proteases from the Screened Bacteria
The diversity of the extracellular proteases of the screened protease-producing bacteria from Jiaozhou Bay sediments was investigated by analyzing the effects of different inhibitors on the protease activity ( Table 2) . PMSF (serine protease inhibitor), OP (metalloprotease inhibitor), iodoacetic acid (cysteine protease inhibitor), and Pepstatin A (aspartic protease inhibitor) were used to inhibit the activities of the proteases secreted by the screened strains to identify the types of these proteases. When cultivated in the liquid screening medium, of the 66 strains, only 28 strains affiliated with the genera Photobacterium, Bacillus, Vibrio, and Shewanella were able to produce enough extracellular proteases for activity inhibition analysis. Among the 28 strains, the protease activities of 16 strains were inhibited at the degree of 23-100% by PMSF, indicating that these strains all produced extracellular serine proteases at different levels; in particular, a high degree of inhibition (more than 90%) was observed in 6 strains, suggesting that these 6 strains mainly produce extracellular serine proteases. OP inhibited the protease activities of 18 strains by 11-86%, indicating that a majority of the screened strains produced extracellular metalloproteases. Iodoacetic acid inhibited the protease activities of 21 strains by 11-46%, indicating that some of the strains produce extracellular cysteine proteases in relatively low proportions. Meanwhile, the protease activities of a majority of the strains (17 of 28 strains) were inhibited by both OP and iodoacetic acid, indicating that these strains have the capacity to simultaneously produce metalloproteases and cysteine proteases. Several strains, including Y1-3, A5-16, B2-15-2, and B2-19-2, were even able to simultaneously produce serine proteases, metalloproteases, and cysteine proteases, because PMSF, OP, and iodoacetic acid all could inhibit the protease activities of these strains at significant levels. Moreover, Pepstatin A only had less than 12% or no inhibitory effect on the protease activities of all the tested strains, demonstrating that all these strains scarcely produced extracellular aspartic proteases.
In addition, the diversity of bacterial proteases from Jiaozhou Bay sediments were also investigated by analyzing the hydrolysis ability of the proteases to different proteins through measuring the H/C ratios of colonies on the plates containing gelatin, casein or elastin. Overall, judged from the abilities to form the hydrolytic zones on plates containing different proteinaceous substrates (Table 3) , extracellular proteases from 56 strains (84.8% of the total strains) could hydrolyze casein and those from 56 strains could hydrolyze gelatin; in contrast, extracellular proteases from only 17 strains (25.8% of the total strains) were able to hydrolyze elastin. Moreover, the proteases from different strains had very different hydrolytic abilities to casein, gelatin and elastin, because they had apparently different H/C ratios on the plates containing the above three substrates (Table 3) . Particularly, the extracellular proteases from strains A3-1, B2-26, Y1-3, Y1-6, and Y1-8 of Photobacterium and A3-9 of Bacillus showed high caseinolytic activity with the H/C ratios more than 6, while those from strains B2-4, B2-14, B2-17, B2-24, B2-26, B2-27, Y1-3, Y1-6, Y1-7, and Y1-8 of Photobacterium, C4-2 and C4-9 of Bacillus, A5-12 of Halobacillus and A3-10 of Pseudoalteromonas had high gelatinolytic activity with the H/C ratios more than 10. However, the extracellular proteases from most of the strains had no or very low elastinolytic activity with the H/C ratios less than 3 except those from strains A3-8, B2-4, B2-24, and B2-7, which had moderate elastinolytic activity with the H/C ratios between 3 and 5. In addition, the extracellular proteases from some strains, such as B2-24, B2-7, and Y1-5, had hydrolytic activity to all the three substrates ( Table 3) . In all, difference in the hydrolysis ability to the three proteins of the extracellular proteases from the screened strains, inferred from the variation of the H/C ratios, reflected their difference in kind or in specificity toward the three proteins.
Discussion
Protease-producing bacteria are indispensable participants in the processes of organic nitrogen decomposition and recycling in marine environments. However, information on their diversity and their extracellular proteases in most regions is lacking, particularly in China coast with intense nitrogen biogeochemical cycling (Dang et al., 2010a) . In this study, the diversity and community composition of the cultivated protease-producing bacteria and the diversity of extracellular proteases secreted by these bacteria in sediments of Jiaozhou Bay, China were investigated, through culture-based analysis and protease inhibitor assays.
The culture-independent analysis (using the 16S rRNA gene clone library analysis) recently revealed that sediments of Jiaozhou Bay harbored extremely diverse bacteria belonging to 17 bacterial phyla, among which Proteobacteria (61.3% of the total sequences), especially Gammaproteobacteria (32.8%), constituted the most abundant group (Liu et al., 2015a) . Correspondingly, in our study, 71.2% of the total cultivated protease-producing strains (47 of 66 strains) are Gammaproteobacteria. This is also in consistence with previous findings that Gammaproteobacteria dominated the cultivated protease-producing bacteria from the sediments of the South China Sea (Zhou et al., 2009) and from the sub-Antarctic sediments (Olivera et al., 2007) . These findings suggest that Gammaproteobacteria may be important protease-producing bacteria widely distributed in various marine environments. Of the Gammaproteobacteria screened in this study, Photobacterium (26 strains, 55.3% of all Gammaproteobacteria) and Vibrio (13 strains, 27.7% of all Gammaproteobacteria) strains were found to be the most abundant and distributed in almost all the stations. Photobacterium and Vibrio are very close relatives affiliated within the Vibrionaceae. They are ubiquitous in marine environments and are often found to be associated with marine animals (Urbanczyk et al., 2011) . Since Jiaozhou Bay is a traditional area for marine animal farming (like fish, shellfish and shrimp), the intense mariculture in this bay may partially account for the high occurrence of Photobacterium and Vibrio in the bay sediments. In addition, the richness (10 4 cells/g) of the cultivated protease-producing bacteria in sediments of Jiaozhou Bay screened using selective plates in this study is much lower than those of the South China Sea sediments (10 6 cells/g) and the sub-Antarctic sediments (10 5 cells/g) (Zhou et al., 2009 (Zhou et al., , 2013 . The predominance of Photobacterium and Vibrio likely resulted in the relatively low richness of the cultivated proteaseproducing bacteria in sediments of Jiaozhou Bay, because the Photobacterium-and Vibrio-affiliated strains usually produce broad-range inhibitory compounds, which can inhibit the growth of other bacteria (Mansson et al., 2011) . Although Firmicutes was detected as a very minor phylum in Jiaozhou Bay sediments by the culture-independent method (Liu et al., 2015a) , Bacillus was found to be one of the predominant genera in the screened protease-producing strains from Jiaozhou Bay sediments in this study, confirming that Bacillus strains are easily cultivated protease-producing bacteria. Bacillus spp. are usually a major fraction in the culturable heterotrophic bacterial communities of coastal areas owing to their strong adaptation abilities to the dynamic environmental conditions of these areas. As Bacillus strains are also widespread in terrestrial habitats and bays are the interfaces between marine and terrestrial environments, some protease-producing Bacillus strains in Jiaozhou Bay sediments are probably not indigenous to local marine environments but originate from surrounding terrestrial ones. Analogously, Bacillus also constituted one of the predominant groups of cultivated protease-producing bacteria from the sub-Antarctic coastal sediments (Zhou et al., 2013) .
It is worth noting that the culturable protease-producing bacteria from station B2, the least polluted one among the six sampling stations in Jiaozhou Bay, were more diverse than those from other stations. However, in station A5, located in the most polluted area of the bay, the composition of the culturable protease-producing bacteria was quite different from that in station B2 although values of the content of OrgN in the two stations are close. Particularly, a much higher proportion of Bacillus, maybe of terrestrial or anthropogenic origin, could be observed in station A5. These suggest that pollutions from anthropogenic activities have significant impact on the community structure of the culturable protease-producing bacteria in Jiaozhou Bay sediments. As found in our previous studies (Zhou et al., 2009 (Zhou et al., , 2013 , serine-and metallo-proteases are the principal types of proteases secreted by bacteria from Jiaozhou Bay sediments. In addition, we found that, bacteria from Jiaozhou Bay sediments may secrete cysteine proteases in relatively low amounts according to the inhibitor tests. A variety of extracellular proteases can make bacteria efficiently hydrolyze diverse and complex proteinaceous substances in Jiaozhou Bay.
In summary, this study analyzed the diversity of cultivable protease-producing bacteria in the sediments of six typical stations in Jiaozhou Bay and the types of the extracellular proteases secreted by these bacteria. The results showed that Photobacterium, Bacillus, and Vibrio are the major cultivated protease-producing groups in Jiaozhou Bay sediments and serine-and metallo-proteases the principal extracellular proteases secreted by the bacteria. These findings shed light on the ecological functions of protease-producing bacteria and their extracellular proteases in coastal ecosystems, and are helpful in elucidating the degradation mechanism of SON. In addition, marine bacterial strains with potentially novel proteases are obtained. Our work on the bio-prospective from the screened strains for novel proteases is on the way.
